1 Neuronatin (Nnat) is expressed in the pituitary, pancreas, and other tissues; however, the 2 function of NNAT is still unclear. Recent studies have demonstrated that NNAT is 3 localized in the sex determining region Y-box 2-positive stem/progenitor cells in the 4 developing rat pituitary primordium and is downregulated during differentiation into 5 mature hormone-producing cells. Moreover, NNAT is widely localized in subcellular 6 organelles, excluding the Golgi. Here, we further evaluated NNAT expression and 7 intracellular localization in embryonic and postnatal rat tissues such as the pancreas, 8 tongue, whisker hair follicle, and testis. Immunohistochemistry showed that NNAT was 9 localized in undifferentiated cells (i.e., epithelial basal cells and basement cells in the 1 0 papillae of the tongue and round and elongated spermatids of the testis) as well as in 1 1 differentiated cells (insulin-positive cells and exocrine cells of the pancreas, taste 1 2 receptor cells of the fungiform papilla, the inner root sheath of whisker hair follicles, 1 3 and spermatozoa). Additionally, NNAT showed novel intracellular localization in 1 4 acrosomes in the spermatozoa. Because the endoplasmic reticulum (ER) is excluded 1 5
Introduction 1
Neuronatin (NNAT) is a small protein consisting of two splice variants encoding 81 2 (NNATα) and 58 amino acids (NNATβ) and is well conserved evolutionally. 1,2 NNAT 3 has attracted attention from many researchers because of its high expression in the 4 neonatal brain 3-5 and pituitary gland. 6 However, the role of NNAT in vivo is poorly 5 understood. Recently, we found that NNAT first appears in and occupies 6 stem/progenitor cells in the rat embryonic pituitary primordium and is then 7 downregulated during differentiation into mature hormone-producing cells, suggesting 8 that NNAT may be involved in pituitary development. 7 Moreover, we found that NNAT 9 localizes in various subcellular organelles in addition to the endoplasmic reticulum (ER), cell and that NNAT interacts with sarco/ER Ca 2+ -ATPase isoform 2 (SERCA2). 9 1 4
Involvement of NNAT in the differentiation of keratinocytes 10 and adipose tissue 11 has 1 5 also been suggested. Moreover, several studies have demonstrated diverse roles of NNAT, 1 6 such as insulin secretion, 8 synaptic plasticity, 12 calcium-induced cell migration, 13 stress 1 7 responses, 14,15 and others. [16] [17] [18] Thus, NNAT performs diverse functions according to its 1 0 white arrowheads on the lower side). In adult islets, cells positive for NNAT or insulin 1 1 alone were still detected ( Fig. 2E , F1-F4, white arrowheads and arrows, respectively), showing a high proportion of colocalization.
8
In the pancreas, NNAT localizes in the ER of β-cells, 8 However, in a previous study 1 9 of the pituitary gland, we observed, for the first time, that NNAT was widely localized 2 0 in subcellular organelles in addition to the ER. 7 Consequently, we have re-examined 2 1 subcellular localization of NNAT in the adult pancreas using an antibody against PDI, a 2 2 marker of the ER (Fig. 3A) . The results showed that, whereas most NNAT-positive 2 3 cells in pancreatic islets were positive for PDI, some signals with positivity for NNAT 2 4 8 only were also observed ( Fig. 3B1-B5 , open arrowheads and white arrowheads, 1 respectively). Additionally, exocrine cells outside the pancreatic islets showed stronger 2 PDI signals, and overlapping of NNAT and PDI signals was absent ( Fig. 3C1-C5 ).
3
Notably, endothelial cells with strong NNAT signals were negative for PDI ( Fig. 3A,   4 yellow arrow).
5
In summary, NNAT signals were localized in some exocrine cells and in the 6 majority of insulin-positive β-cells in the adult pancreas. In the middle stage of 7 embryonic development, NNAT signals emerged in the area of exocrine cells, followed 8 by in β-cells in the pancreatic islets and exocrine cells during late embryonic 9 development. Analysis of subcellular localization revealed that NNAT was localized not 1 0 only in the ER but also in other subcellular organelles. The tongue and hair follicles are ectodermal appendages formed by interactions 1 5 between epithelial cells derived from the surface ectoderm and the underlying 1 6 mesenchyme. We next analyzed the anterior part of the tongue, which comprises two 1 7 papillae, i.e., fungiform taste papilla housing taste buds and non-taste filiform papilla 1 8 (Fig. 4, FFP and Flp, respectively) . Immunohistochemistry for SOX2 in the tongue on 1 9 E21.5 showed that the basal epithelial cells of both the filiform and fungiform papillae, reported. 21-23 On P60, a number of SOX2-positive cells with elongated nuclei, 2 4 9 characteristic of mature taste cells, were detected in the taste buds ( Fig. 4D1 , E1, yellow 1 arrow). In addition, SOX2-positive progenitor cells with round nuclei were found in the 2 basal compartment of the taste bud ( Fig. 4C1 , white arrow).
3
In the embryonic papillae on E21.5, double immunohistochemistry for NNAT and 4 SOX2 showed that some NNAT/SOX2-double positive cells intermingled with was negative for SOX2 but positive for NNAT ( Fig. 4F1-F4 , white arrowheads).
7
Notably, NNAT signals were present in the keratohyalin granules of cells existing in the 1 8 interpapillary region of the filiform papillae ( Fig. 4F1-F4 , yellow arrows).
9
Double-immunostaining for NNAT and PDI was then performed to study the 2 0 relationship between NNAT and the ER (Fig. 5A ). Notably, cells in NNAT-positive 2 1 domains in the filiform and fungiform papillae showed immature ER with weak PDI by differentiation of matrix progenitor cells of the hair bulb into the hair shaft, which is 1 6 composed of three layers (i.e., the medulla, hair cortex, and hair cuticle), and the inner 1 7 root sheath (IRS), which is composed of three layers (i.e., the IRS cuticle, Huxley's 1 8 layer, and Henle's layer).
Immunostaining for NNAT was performed on E16.5 in rats, when the whisker hair 2 0 follicles are still underdeveloped. All cells in the primordium were negative for NNAT 2 1 (Fig. 6A, arrow) . Longitudinal sections on E20.5 showed that positive signals for 2 2 NNAT were present in the domain from the region close to the dermal papilla to the 2 3 middle portion of the hair follicle (Fig. 6B ). Cross-sections showed NNAT-positive 2 4 1 1 concentric rings of IRS, composed of three layers (the IRS cuticle close to the hair shaft, 1 the Huxley's layer as middle layer, and the outermost Henle's layer) essential for the 2 shaping and guidance of the hair to the skin surface by keratinization ( Fig. 6C, Ci, Hu,   3 and He, respectively). The intensity of NNAT signals became stronger on P60 (Fig. 6D , 4 E). Notably, the Henle's layer in the outermost region and the cuticle layer in the 5 innermost region of the IRS showed stronger NNAT signals than those in the middle of 6 Huxley's layer.
7
Double-immunostaining for NNAT and SOX2 on E20.5 and P60 showed that 8 SOX2-positive cells were localized in the dermal papilla ( Fig. 6F, I) . All 9 NNAT-positive cells in the IRS and NNAT-negative cells in the outer root sheath 1 0 (ORS) were negative for SOX2 ( Fig. 6G1-G4 , H1-H4, J1-J4, K1-K4). Double-immunostaining for NNAT and PDI showed that PDI signals were widely 1 2 observed in the cytoplasm of cells in the IRS (Fig. 7A ). In addition to many signals 1 3 overlapping with NNAT and PDI ( Fig. 7B1-B4 NNAT signals negative for PDI and PDI signals negative for NNAT were also observed 1 5 ( Fig. 7B1-B4 , C-C4, D-D4, E-E4, white arrowheads and arrows, respectively). Thus, 1 6 these results demonstrated that NNAT-positive cells were limited to the IRS in the 1 7 whisker hair follicles and that not all NNAT signals were located in the ER. Immunohistochemistry for NNAT in the Testis The testes are reproductive tissues derived from the mesoderm and are composed of the 2 2 seminiferous tubules and interstitium. The former is involved in spermatogenesis, in 2 3 1 2 which spermatozoa are produced from spermatogonia, and the latter is involved in 1 androgen production by Leydig cells.
2
In immature rat testes on P30, NNAT-positive cells were not observed (Fig. 8A1,   3 A2). On P60, NNAT-positive cells appeared in the interstitium and seminiferous 4 tubules of the testis (Fig. 8B) . In the interstitium, granular NNAT signals were observed 5 in Leydig cells, and the proportion of NNAT-positive cells was about 60% (Fig. 8C, D) . 6 In the seminiferous tubules, NNAT signals were absent from the spermatogonia, 7 spermatocytes, and Sertoli cells ( Fig. 8E1 -M, SG, SP, and SC, respectively) during 8 spermatogenesis. NNAT signals were first observed at acrosome vesicles in round 9 spermatids after meiosis (Fig. 8K, RS) and showed aggregated localization across the 1 0 crescent acrosome in elongated spermatids (Fig. 8M, ES) . Even after spermatozoa 1 1 moved to the epididymis, NNAT showed similar localization with slight attenuation of 1 2 signal intensity between the caput epididymis and cauda epididymis ( Fig. 8n and Overall, these results confirmed that NNAT was specifically localized in the 1 5 cytoplasm of Leydig cells and in the developing and mature acrosome. The correlation 1 6 between NNAT and the ER was contradicted in the testes because spermatozoa are free 1 7 from the ER and the acrosome is derived from the Golgi. 24 NNAT is known to be involved in diverse intracellular roles in various tissues and/or 2 3 cell types through Ca 2+ signaling, glucose signaling, and inflammatory signaling. 25 In 2 4 1 3 contrast to its initial identification as an ER membrane protein, 8 NNAT localization has 1 also been observed in several subcellular organelles of the pituitary stem/progenitor 2 cells 7 and in the outer segment of rod photoreceptors, which do not contain an ER. 15
3
The present immunohistochemical study demonstrated that NNAT was localized in 4 developing tissues and in differentiating cells in the pancreas, tongue, whisker hair 5 follicles, and testis and suggested that NNAT was involved in cell differentiation and in 6 the function of terminally differentiated cells beyond the germ layer. In addition, our 7 findings suggested that NNAT is not a true ER-associated protein.
8
In this study, we demonstrated, for the first time, that NNAT emerged in round 9 spermatids, accompanied by acrosome formation, from the early stage in round 1 0 spermatids to the maturation stage in spermatozoa. The ER is absent from spermatozoa, 1 1 and the acrosome is derived from the Golgi apparatus. 24 Moreover, in our previous study, 1 2 we found that NNAT is localized in progenitor cells with rudimentary ER in the 1 3 pituitary gland 7 and the disk membrane of the outer segment of rod photoreceptors; 15 1 4 thus, NNAT may be located in the membrane of appropriate subcellular organelles, not 1 5 limited to the ER.
6
In whisker hair follicles, specific localization of NNAT in the IRS was shown. The 1 7
IRS is known to abundantly produce trichohyalin, 26 which mediates keratin filamentous 1 8 assembly, although trichohyalin is also produced in the medulla of the hair shaft. 27 In 1 9 addition to trichohyalin in the IRS, several molecules involved in keratinization, such as 2 0 peptidylarginine deiminase, 28 involcurin, 29 and transglutaminases, 30 are produced.
1
However, the localization of these molecules differs from that of NNAT, showing Sheridan et al. 33 further described that the IRS is consistently negative for SERCA2, 5 indicating that the Ca 2+ concentration in the ER of the IRS is modulated by a mechanism 6 that does not involve SERCA2. Accordingly, the interaction between NNAT and 7 SERCA2 is cell-or tissue-specific, but not universal.
8
In the tongue, NNAT showed distinct localizations in undifferentiated and 9 differentiated cells present in two types of papillae, i.e., filiform and fungiform papillae. taste buds contain immature basal cells (type IV) and elongated mature taste cells with 2 0 three morphologically distinguished types (types I, II, and III), which detect at least five 2 1 types of tastes (salt, sweet, umami, bitter, and sour) . 34 Because type IV and type I cells express Sox2 at high levels, whereas type II and type III cells rarely express Sox2, 23 2 3 NNAT-positive taste receptor cells could be type II and/or III. The molecular mechanisms of NNAT function are unclear. In type II cells in the 1 taste buds, three tastes (sweet, umami, and bitter) are received through taste 2 transduction mediated by taste receptors, TAS1Rs and TAS2Rs, which belong in the G 3 protein-coupled receptor family. Notably, these receptors are frequently observed 4 outside the gustatory system, such as in the sperm 35 , and some are localized in 5 acrosomes; 36 in keratinocytes in the skin; 37 airway, and gut; 38 and in the placenta. 39 6 In addition, one of the downstream signaling molecules of taste receptors, TRPM5, a 7 Ca 2+ -activated cation channel, has been reported to localize in pancreatic β -cells. 40,41 8 Therefore, to elucidate the role of NNAT, it may be necessary to clarify the signaling 9 pathways involved in keratinization in the filiform papillae of the tongue and the IRS in In the pancreas, we showed that NNAT immunoreactive signals emerged in a few Moreover, NNAT was shown to not be involved in Ca 2+ -mediated signaling using 2 1
Nnat-null primary β -cells, suggesting that NNAT modulates insulin secretion at the stage 2 2 of translocation of preproinsulin into the ER. However, the involvement of NNAT in 2 3 secretion control may not be common to other endocrine tissues. In the pituitary gland, we observed that NNAT was present in stem/progenitor cells in the developing and 1 developed pituitary but not in terminally differentiated hormone-producing cells. 7 2 NNAT may have diverse roles in stem/progenitor cells and in terminally differentiated 3 cells, even in such a relevant endocrine tissue. In addition, the roles of NNAT in 4 insulin-negative cells of islet and exocrine cells and in subcellular organelles outside of 5 the ER remain unclear.
6
In summary, our current findings showed that NNAT exhibited various localizations, 7 suggesting diverse cell-or tissue-specific roles. NNAT functions beyond the germ layer 8 and in the differentiating (tongue and testis) and terminally differentiated (pancreas, 
